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Abstract
Current manpower planning approaches focus on satisfying future personnel
needs. In the mean time, there is a lack of contribution on managing the personnel
work satisfaction on the long-term. In general, long-term work satisfaction can
be achieved by maintaining the preferred promotion strategy. This paper aims at
balancing the strategy to fulfill the future personnel requirements while at the same
time maintaining the preferred promotion strategy. Moreover, stochastic wastage
is considered to better capture the real world condition of voluntarily wastage.
Illustration of the model shows that it enables obtaining favorable recruitment and
promotion strategies.
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1 Introduction
Manpower planning is concerned with fulfilling the organization’s personnel requirements,
in order to support the long-term organizational strategy. Several statistical techniques
based on Markov‘s theory have been developed to support organizations in this challeng-
ing human resource management process (Bartholomew et al., 1991). In general, these
methods require the employees to be classified in exclusive subgroups according to per-
sonal and/or work-related characteristics (De Feyter, 2006). The number of people in
each of the subgroups is represented by a personnel structure. The main objective of
manpower planning is to attain or maintain the desired personnel structure. To tackle
this problem, the evolution of the personnel structure needs to be examined and, if nec-
essary, adjusted towards the direction of the desired personnel structure. In a manpower
model, the evolution of a personnel structure is determined by employee transitions,
i.e. recruitments, promotions (i.e. employee flows between the employee subgroups) and
wastage.
Early academic contributions in manpower planning already studied the attainability
problem for deterministic personnel systems, in which the model parameters are known.
In these models, the evolution of personnel structures is regulated by known employee
transitions, which may or may not be under management control. Several methods were
developed to support organizations in attaining desired personnel structures under control
by recruitment and/or promotion. In real-world applications, however, the deterministic
assumptions rarely hold, because manpower planning is subject to uncertainty about the
model parameters. Therefore, other advances in the field place emphasis on stochastic
manpower planning models. Firstly, a number of scholars recently focus on uncertain
personnel requirements. Zhu and Sherali (2009), for example, propose a mixed integer
formulation for a manpower planning problem with uncertain personnel demand fluc-
tuations. Sohoni et al. (2004), on the other hand, propose an optimization strategy to
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estimate long-range crew staffing considering randomness due to operational disruptions.
Secondly, another research stream in manpower planning considers uncertainty about
employee transition processes. Chattopadhyay and Gupta (2007), for example, studied
a stochastic manpower planning problem with random age-based survival rates. Indeed,
voluntary wastage, in particular, is likely to be uncertain and highly beyond manage-
ment control. Therefore, the attainability problem was often studied for the partially
stochastic manpower planning model, in which wastage is treated as a random variable
and promotion rates are known.
Previous work studied the probability of attaining future personnel structures in par-
tially stochastic manpower planning systems under control by recruitment (Guerry, 1993;
Davies, 1982). It appears that in such models the desired personnel structures are not al-
ways attainable. Several approaches to this problem are possible. De Feyter and Guerry
(2009) suggest a fuzzy based method for evaluating a recruitment strategy in a stochastic
manpower planning system based on the degree of desirability. This measure reflects the
extent to which the resulting personnel structure is similar to the unattainable desired
one. Although this method ensures that the personnel structure evolves in the direction
of the desired one, it does not attain it. An alternative approach could be to extend the
decision variables in the manpower planning model beyond recruitment only. Song and
Huang (2008), Nilakantan et al. (2011) and Dimitriou et al. (2013), for example, propose
methods that intend to fulfill the personnel requirements without explicitly maintain-
ing the promotion strategy”. This approach does allow to attain the desired personnel
structure. But, in order to meet the personnel requirements, it may be inevitable to
adjust the promotion strategy. This is a considerable disadvantage because changing
promotion opportunities and uncertainty about career progression may harm employees’
job satisfaction (Klehe et al., 2011). Consequently, organizations potentially are con-
fronted with a trade-off problem between attainability of a desired personnel structure
and maintainability of the promotion strategy.
In the present paper, we propose an approach to this trade-off problem in partially
stochastic manpower systems. Our method supports organizations in balancing two po-
3
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tentially conflicting objectives.
In particular, we consider the objectives of attaining the personnel requirements and
maintaining a promotion strategy. In Section 2, we present a deterministic manpower
planning model that describes the attainability problem under control by recruitment
and promotion. Besides control by recruitment, modifications of the promotion strategy
are allowed. We consider two criteria for evaluating the recruitment and promotion
strategies. On the one hand, as in De Feyter and Guerry (2009), we want to maximize
the degree of desirability. In this way, the long-term organizational strategy can be
supported in the best possible way. On the other hand, we introduce the degree of
promotion steadiness that represents to what extent the performed promotions correspond
with the preferred promotion strategy. Since the preferred promotion strategy leads to
clear career progression and career prospects for employees, we want to maintain the
preferred promotion probabilities. In this way, the long-term personnel work satisfaction
is maintained.
In Section 3, we transform the deterministic model from Section 2 into a partially
stochastic model. We propose the DPS problem (desirability and promotion steadiness
problem) that is balancing the degree of desirab lity and the degree of promotion steadi-
ness for partially stochastic manpower systems. The stochastic wastage is approximated
with a sufficient number of possible wastage scenarios and hence, the problem can be
solved with MIP solver. However, as we will show, the mixed integer programming
(MIP) model is NP-hard. Consequently, an increase in the number of subgroups is likely
to lead to an exponential increase in computing time. In Section 4, we discuss and il-
lustrate how our model and proposed algorithm can be applied and which insights could
be employed in a practical context. Finally, some conclusions and suggestions for further
research are discussed in Section 5.
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2 Desirability and promotion steadiness in a deter-
ministic model
Assume the personnel is categorized into k subgroups, i.e. {v1, v2, ..., vk}. Let us denote
nti the number of personnel of subgroup vi at time t. The personnel structure n
t at time t
is the vector with elements nti. N
min and Nmax refer to the lower and the upper bound of
the total number of personnel. Those bounds can be induced by e.g. capacity or budget
constraints. A person from subgroup vi can become a member of subgroup vj based
on the transition proportion pij after one period of time. pij can be gathered into the
internal transition matrix P. The personnel flows f t−1,tij denote the number of personnel
in subgroup vi at time t − 1 that become members of subgroup vj at time t, and Ft−1,t
represents the flow matrix with elements f t−1,tij .
We denote Rti for the number of personnel recruited to subgroup vi at time t, and
Rt for the recruitment vector at time t. Then, the evolution of the personnel structure
from t − 1 to t is expressed by Eq. 1 (Bartholomew et al., 1991). It is assumed that
Rti is non-negative. The personnel wastage W
t−1,t
i expresses the number of personnel in
subgroup vi at time t− 1 that no longer belong to any subgroup at time vt. The wastage
proportion for subgroup vi is wi. Then, the relation between the elements of P and w
can be described as in Eq. 2.
nt = nt−1P + Rt (1)
k∑
j=1
pij + wi = 1 (2)
The objective of the deterministic model is to obtain the best recruitment vector
Rt and personnel flows Ft−1,t considering the period from t − 1 to t. Two criteria are
considered, i.e. the degree of desirability β(nt) and the degree of promotion steadiness
γ(Ft−1,t).
The degree of desirability of nt is reflected by the discrepancy between the personnel
5
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structure nt and the desired personnel structure nd. The discrepancy between nt and nd
should be minimized because nd reflects the personnel structure that supports the orga-
nizational long-term goals. De Feyter and Guerry (2009) proposed a fuzzy set approach
for defining the degree of desirability. Eq. 3 denotes that the desirability degree formula
uses the fuzzy min-operator. Let nLLi and n
UL
i be the lower and upper limit of the number
of personnel of subgroup vi. The fuzzy triangular function βi(n
t
i) as in Eq. 4 states how
far the number of personnel of subgroup vi deviates from the desired number of personnel
ndi . Other fuzzy membership functions may be alternatives for defining β(n
t).
β(nt) = min
i
βi(n
t
i) (3)
βi(n
t
i) =

0, if nti < n
LL
i or n
t
i > n
UL
i
nti−nLLi
ndi−nLLi
, if nLLi ≤ nti ≤ ndi
nti−nULi
ndi−nULi
, if ndi ≤ nti ≤ nULi
(4)
We assume that intervention in the personnel flows f t−1,tij are possible. Nevertheless,
large deviations from the internal transition matrix are not preferable. The degree of
promotion steadiness is introduced to express to what extent the performed personnel
flows correspond to the internal transition matrix. Let p˜ij the proportion f
t−1,t
ij /n
t−1
i of
the performed personnel flow from subgroup vi to subgroup vj. Specifically, the degree
of promotion steadiness γij(f
t−1,t
ij ) measures the discrepancy between a personnel flow
proportion p˜ij and its corresponding transition proportion pij (i.e. the ijth element of
the transition matrix P). The discrepancy should be minimized so that the organiza-
tion’s intervention in personnel promotion can be suppressed. Analogue to the degree of
desirability, we express the degree of promotion steadiness by a triangular fuzzy number.
Eq. 5 denotes that the promotion steadiness degree formula uses the fuzzy min-operator.
Eq. 6 uses a fuzzy triangular function with lower limit pLLij and upper limit p
UL
ij for defin-
ing γij(f
t−1,t
ij ). If the proportion f
t−1,t
ij /n
t−1
i is between the lower limit p
LL
ij and upper
limit pULij , then its corresponding desirability degree is determined by how far it deviates
from the transition proportion pij. This is stated in Eq. 6. The lower limit and the upper
6
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limit of the triangular membership function related to p˜ij can be set to negative numbers
although the membership function is only considered for p˜ij ∈ [0, 1]. We can also use
other fuzzy membership functions for defining γij(f
t−1,t
ij ).
γ(Ft−1,t) = min
i,j
γij(f
t−1,t
ij ) (5)
γij(f
t−1,t
ij ) =

0, if p˜ij < p
LL
ij or p˜ij > p
UL
ij
p˜ij−pLLij
pij−pLLij
, if pLLij ≤ p˜ij ≤ pij
p˜ij−pULij
pij−pULij
, if pij ≤ p˜ij ≤ pULij
(6)
Let the overall degree κ(nt,Ft−1,t) incorporates both the degree of desirability and
the degree of promotion steadiness. We consider a min-operator when maximizing the
overall degree κ(nt,Ft−1,t) that is represented in Eq. 7.
maximize κ(nt,Ft−1,t);
with κ(nt,Ft−1,t) = min{β(nt), γ(Ft−1,t)}
(7)
with min{β(nt), γ(Ft−1,t)} a min-operator that selects the minimum of the degree of de-
sirability β(nt) and the degree of promotion steadiness γ(Ft−1,t). The max-min approach
is selected in order to guarantee that both β(nt) and γ(Ft−1,t) are as large as possible.
3 Desirability and promotion steadiness in a par-
tially stochastic model
In this section, we transform the deterministic model from Section 2 into a partially
stochastic model. Afterwards, a Mixed Integer Programming (MIP) is proposed to opti-
mize the degree of desirability and the degree of promotion steadiness. The model can
be solved by an existing method, i.e. branch and bound algorithm.
A model that fits the wastage observations can be achieved when considering stochas-
tic wastage, as was already shown by (Agrafiotis, 1984). By using stochastic wastage,
the organization can develop personnel strategies that are able to deal with unexpected
7
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wastage levels. In particular, we assume that the recruitment strategy must be deter-
mined before the personnel wastage is known.
The wastage proportion wi is assumed to be a random variable. The ith row sum of
the internal transition matrix P depends on wi (as in Eq. 2). Since the admission and the
training process of new employees can take a significant amount of time, the recruitment
strategy should be chosen before the realization of w is known. Meanwhile, the selection
of the promotion strategy is postponed until w is known. As a result, the model aims at
obtaining a robust recruitment vector Rt and flow matrix Ft−1,t that can maximize both
the degree of desirability and the degree of promotion steadiness. Note that the model
results in attainable personnel structures since the recruitment vector Rt is assumed to
be non-negative.
In most practical applications, the random variables are approximated by a finite
number of scenarios (Shapiro et al., 2009). We consider S scenarios for the random
variable w, i.e. {w˜1, .., w˜S}. The recruitment vector Rt will be the same for each scenario
because it is determined before the realization of the wastage. Let nt,s and Ft−1,t,s be a
feasible personnel structure and flow matrix under scenario s. The average overall degree
κ¯ is approximated by the average of {κ(nt,1,Ft−1,t,1) .., κ(nt,S,Ft−1,t,S)} resulting from
each scenario.
In previous work, the total number of personnel is often considered to be constant
(see e.g. Guerry and De Feyter (2012)). In the present model, it might not be possible to
accommodate this constraint, since the scenarios may result in personnel structures with
different total number of personnel. However, the total number of personnel is restricted
by the lower bound Nmin and the upper bound Nmax. The model also can accommodate
additional constraints, such as maximum or minimum value for nti.
3.1 Mathematical formulation
The problem of balancing the degree of desirability and the degree of promotion steadi-
ness for partially stochastic manpower systems is called the DPS problem (desirability
and promotion steadiness problem). We formulate the DPS problem as a mixed integer
8
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program (MIP) (Eqs. 8-25). Eq. 8 expresses the objective to maximize the average of the
overall degree for the different scenarios s ∈ {1, 2, ..., S}.
The presented model corresponds to the triangular fuzzy membership functions de-
fined in Eqs. 4 and 6. In order to get the formulation of the MIP, the fuzzy triangular
functions are converted into piecewise linear constraints (Eqs. 9-18). The fuzzy triangular
function βi(n
t
i) is partitioned into two segments, the left part corresponds to values n
t
i
that are less than ndi and the right part corresponds to values n
t
i that are greater than
ndi . Similarly, the fuzzy triangular function γij(f
t−1,t
ij ) is partitioned into a left and a right
part, that correspond to values p˜ij respectively smaller and greater than pij. Let q
sb1
iL , q
sb1
iR ,
qsb2ijL and q
sb2
ijR be binary variables; q
sc1
i and q
sc2
ij be continuous variables between zero and
one. The binary variables qsb1iL , q
sb1
iR , q
sb2
ijL and q
sb2
ijR are introduced to differentiate between
the left and the right parts of the fuzzy triangular function. qsb1iL = 1 indicates that n
t,s
i is
at the left of ndi while q
sb1
iR = 1 indicates that n
t,s
i is at right side of n
d
i . Similarly, q
sb2
ijL = 1
indicates that p˜sij is at the left of pij while q
sb2
ijR = 1 indicates that p˜
s
ij is at right side of
pij. Continuous variables q
sc1
i (q
sc2
ij ) are used in Eqs. 13 (Eqs. 18) to define n
t,s
i (p˜
s
ij) as a
convex combination of nLLi , n
d
i and n
UL
i (p
LL
ij , pij and p
UL
ij ).
Eq. 19 calculates the performed personnel flow f t−1,t,sij corresponding to p˜
s
ij. The
value of κ˜s(nt,s, F t−1,t,s) is only determined by the coefficients qsc1i2 and q
sc2
ij2 (Eq. 20-21).
Eq. 22 restricts the total personnel in the system by the lower bound Nmin and the
upper bound Nmax. Eq. 23 specifies that the personnel of a subgroup originates from
the personnel flows into the subgroups and the personnel recruitment into that subgroup.
Eq. 24 indicates that personnel of a subgroup can remain in the subgroup, move to other
subgroups or move out of the organization.
As suggested by Guerry (2008) to enhance the accuracy of the model, we require nt,si ,
f t−1,t,sij , R
t
i to be integer numbers. Eq. 25 expresses the integrality and nonnegativity
constraints of nt,si , f
t−1,t,s
ij , R
t
i.
maximize κ¯ =
1
S
S∑
s=1
(κ(nt,s, F t−1,t,s)) (8)
9
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qc1si1 ≤ qsb1iL ∀s, i (9)
qsc1i3 ≤ qsb1iR ∀s, i (10)
qsb1iL + q
sb1
iR = 1 ∀s, i (11)
∑3
j=1 q
sc1
ij = 1 ∀s, i (12)
nt,si = q
sc1
i1 n
LL
i + q
sc1
i2 n
d + qsc1i3 n
UL
i ∀s, i (13)
qsc2ij1 ≤ qsb2ijL ∀s, i, j (14)
qsc2ij3 ≤ qsb2ijR ∀s, i, j (15)
qsb2ijL + q
sb2
ijR = 1 ∀s, i, j (16)
∑3
k=1 q
sc2
ijk = 1 ∀s, i, j (17)
p˜sij = q
sc2
ij1p
LL
ij + q
sc2
ij2pij + q
sc2
ij3p
UL
ij ∀s, i, j (18)
f t−1,t,sij = p˜
s
ijn
t−1
i ∀s, i, j (19)
κ(nt,s, F t−1,t,s) ≤ qsc1i2 ∀s, i (20)
10
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κ(nt,s, F t−1,t,s) ≤ qsc2ij2 ∀s, i, j (21)
Nmin ≤∑ki=1 nt,si ≤ Nmax ∀s (22)
nt,si =
∑k
j=1 f
t−1,t,s
ji +R
t
i ∀s, i (23)
nt−1i =
∑k
j=1 f
t−1,t,s
ij + pi
t−1,t,s
i ∀s, i (24)
nt,si , f
t−1,t,s
ij , R
t
i ∈ Z+; qsc1i , qsc2ij , p˜sij ∈ [0, 1]; qsb1iL , qsb1iR , qsb2ijL, qsb2ijR ∈ {0, 1}; (25)
3.2 Complexity of the DPS problem
We continue with a discussion on the complexity of DPS problem. DPS can be viewed as
a set of S directed weighted graphs Gs = (V,E). For each scenario s, Gs has the same set
V of vertices. For time t−1, let us introduce V t−1 = {vt−1i | i ∈ {1, ..k}} with vertex vt−1i
representing subgroup vi. In the same way, for time t, V
t = {vti | i ∈ {1, ..k}} with vertex
vti representing subgroup vi. Let V
t−1 = {vt−1i | i ∈ {1, ..k}} and V t = {vti | i ∈ {1, ..k}}
with vertex vt−1i and v
t
i representing subgroup vi. We provide two additional vertices,
the source vertex v0 and the sink vertex vk+1. The set of vertices of the graph G
s is
defined by V = V t−1 ∪ V t ∪ {v0, vk+1}. Let the set of edges E of graph Gs be defined by
E = {(vt−1i , vtj) | ∀i, j ∈ {1, ..k}} ∪ {(v0, vti) | ∀i ∈ {1, ..k}} ∪ {(vt−1i , vk+1) | ∀i ∈ {1, ..k}}.
For the weighted graph Gs, let nt−1i and n
t,s
i be the capacity of v
t−1
i and v
t
i . The personnel
flow f t−1,t,sij is associated with edge (v
t−1
i , v
t
j). The personnel wastage pi
t−1,t,s
i is associated
with edge (vt−1i , vk+1). The recruitment R
t
i is associated with edge (v0, v
t
i).
The parameter values of nt−1i and pi
t−1,t,s
i are given. The problem is to find nonnegative
values of Rti (common for all G
s), nt,si and f
t−1,t,s
ij that satisfy Eqs. 22-24. The decision
variables nt,si and f
t−1,t,s
ij determine the objective function value of graph G
s according
11
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to Eqs. 4, 6 and 7. The objective function value of DPS is the average of the objective
function value of Gs.
We provide a theorem that describes the DPS problem to be NP-hard. The proof
is based on a reduction of the 3-SAT into a partially-relaxed-DPS problem. The 3-SAT
problem is stated as in Garey and Johnson (1979):
Definition 1. Given C = {c1, c2, ..., cl} of clauses on a finite set U = {u1, u2, ..., um} of
variables such that |ch| = 3 for 1 ≤ h ≤ l. 3-SATISFIABILITY (3-SAT) is defined as
a problem to decide whether there exists a truth assignment for U that satisfies all the
clauses in C.
The 3-SAT problem is a NP-complete problem (Garey and Johnson, 1979). A clause
ch in the 3-SAT problem is a disjunction of three literals. A literal represents a single
variable uh or its negation ¬uh. Given l clauses that involve m variables, the 3-SAT
problem is satisfiable if there exists an assignment to the variables such that all the
clauses are true.
Definition 2. A partially-relaxed-DPS is a relaxation of DPS in which the integrality
constraint of some (but not all) variables ntsi and f
t−1,t
sij is not imposed.
Lemma 1. The DPS and the partially-relaxed-DPS are in NP.
Proof. It is easy to see that DPS ∈ NP and partially-relaxed-DPS ∈ NP, since the ob-
jective value κ(nt,Ft−1,t) and satisfaction of constraints Eqs. 22-24 can be checked in
polynomial time of size k (the number of subgroups) and S (the number of scenarios),
given a DPS solution.
Lemma 2. If the partially-relaxed-DPS is NP-hard, then the DPS is also NP-hard.
Proof. Since the partially-relaxed-DPS is a relaxation of DPS, then DPS is at least as
hard as the partially-relaxed-DPS. Consequently, if we prove that the partially-relaxed-
DPS is NP-hard, then the original DPS is also NP-hard.
Lemma 3. Any 3-SAT problem can be polynomially transformed into a corresponding
partially-relaxed-DPS problem.
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Proof. Consider an arbitrary instance of the 3-SAT with clauses C and variables U . We
construct the corresponding partially-relaxed-DPS problem with S = 1 and represented
by graph G = (V,E). Each V t−1 and V t consists of l + 2m vertices: the first l vertices
are representing the clauses ch, the next m vertices are representing the variables uh
and the last m vertices are representing the variables ¬uh. The capacity of vertex vt−1i
representing clause ch is fixed to zero and the capacity of vertex v
t−1
i representing variable
uh or variable ¬uh is fixed to one. The capacity of vertex vti representing variable uh is
fixed to one and the capacity of vertex vt−1i representing variable ¬uh is fixed to zero. The
capacity of vertex vti representing clause ch needs not be integer. The personnel wastage
pit−1,tsi and personnel recruitment R
t
i are fixed to zero.
We define E = E1∪E2∪E3. Let E1 = {(vt−1l+i , vtl+i) | i ∈ {1, ...,m}}, with vt−1l+i and vtl+i
the vertices that are associated with variable ui. Let E2 = {(vt−1l+m+i, vtl+i) | i ∈ {1, ...,m}},
with vt−1l+m+i the vertex that is associated with variable ¬ui and vtl+i the vertex that is
associated with variable ui. Let L
A
h = {j ∈ {1, ..., l} | clause cj contains variable uh}
and LBh = {j ∈ {1, ..., l} | clause cj contains variable ¬uh}. Let E3 = {(vt−1l+i , vtj) | i ∈
{1, ...,m}, j ∈ LAi } ∪ {(vt−1l+m+i, vtj) | i ∈ {1, ...,m}, j ∈ LBi }, with vt−1l+i the vertex that
is associated with variable ui, v
t−1
l+m+i the vertex that is associated variable ¬ui, vtj the
vertex that is associated with clause cj. All other edges that can be formed from v
t−1
i
to vtj are considered to be fixed with f
t−1,t
ij = 0. Personnel flow f
t−1,t
ij of E1 and E2 is
restricted to {0, 1} because of Eq. 18 and the integrality constraint of f t−1,tij . Meanwhile,
the integrality constraint personnel flow f t−1,tij of E3 is not imposed.
The fuzzy triangular function of the desirability degree of vertex vti that is associated
with variables ui and ¬ui is defined with nLLi = −2, ndi = 0, and nULi = 2. The fuzzy
triangular function of the desirability degree of vertex vti that is associated with clause ch
is defined with nLLh = 0, n
d
h =
2
l
, and nULh = 6. The fuzzy triangular function defining the
promotion steadiness degree is relaxed by setting the lower and upper limit to −2 and 2,
and by fixin p˜ij and n
d
i to zero.
The transformation of the 3-SAT problem to the partially-relaxed-DPS is clearly a
polynomial transformation. It involves creating 2l+4m vertices for variable ui and clause
13
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ch in V
t−1 and V t. Moreover, (l+2m)2 edges are created to accommodate personnel flows
between two vertices.
Lemma 4. Any 3-SAT problem is satisfiable if and only if the corresponding partially-
relaxed-DPS problem has an objective function value 1
2
.
Proof. The relationship of the partially-relaxed-DPS solution and the 3-SAT solution is
as follows. A true value of variable ui corresponds to (i) zero personnel flow f
t−1,t
l+i,l+i
for (vt−1l+i , v
t
l+i) ∈ E1 from vertex vt−1l+i ∈ V t−1 that is associated with variable ui to
vertex vtl+i ∈ V t that is associated with variable ui, (ii) one personnel flow f t−1,tl+m+i,l+i
for (vt−1l+m+i, v
t
l+i) ∈ E2 from vertex vt−1l+m+i ∈ V t−1 that is associated with variable ¬ui
to vertex vtl+i ∈ V t that is associated with variable ui, and (iii) positive personnel flow
f t−1,tl+i,j ∈ [1l , 1] ∀j ∈ LAi for (vt−1l+i , vtj) ∈ E3 from vertex vt−1l+i ∈ V t−1 that is associated
with variable ui to vertex v
t
j ∈ V t that is associated with clause cj. Meanwhile, a false
value of variable ui corresponds to (i) one personnel flow f
t−1,t
l+i,l+i for (v
t−1
l+i , v
t
l+i) ∈ E1
from vertex vt−1l+i ∈ V t−1 that is associated with variable ui to vertex vtl+i ∈ V t that is
associated with variable ui, (ii) zero personnel flow f
t−1,t
l+m+i,l+i for (v
t−1
l+m+i, v
t
l+i) ∈ E2 from
vertex vt−1l+m+i ∈ V t−1 that is associated with variable ¬ui to vertex vtl+i ∈ V t that is
associated with variable ui, and (iii) positive personnel flow f
t−1,t
l+m+i,j ∈ [1l , 1] ∀j ∈ LBi for
(vt−1l+m+i, v
t
j) ∈ E3 from vertex vt−1l+m+i ∈ V t−1 that is associated with variable ¬ui to vertex
vtj ∈ V t that is associated with clause cj. Moreover, a true value of clause ci corresponds
to the capacity of vertex vti ∈ V t that is associated with clause ci to be [1l , 3].
We prove that any 3-SAT problem is satisfiable if and only if the corresponding
partially-relaxed-DPS problem has an objective function value 1
2
. Suppose that the 3-SAT
problem is satisfiable. Then a truth assignment U corresponds to f t−1,tij values that satisfy
Eqs. 18-19. The capacity of vertex vti ∈ V t that is associated with a true value of variable
ui or ¬ui is one, and consequently the corresponding desirability degree is 12 . Meanwhile,
the capacity of vertex vti ∈ V t that is associated with a false value of variable ui or ¬ui
is one, and therefore the corresponding desirability degree is 1. The capacity of vertex
vti ∈ V t that is associated with clause ch is in [1l , 3], thus it leads to the corresponding
desirability degree ∈ [1
2
, 1]. The promotion steadiness degree is always an element of [1
2
, 1]
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because the personnel flow is bounded to [0, 1]. Therefore, the κ(nt, F t−1,t) value will be
1
2
.
Now, suppose that the objective function of the corresponding partially-relaxed-DPS
problem is κ(nt, F t−1,t) = 1
2
. The capacity of vertex vti ∈ V t that is associated with
clause ch is ∈ [1l , 3]. Therefore, all the clauses ch in C are true and the 3-SAT problem is
satisfiable.
Now, we prove the main theorem of the complexity of DPS.
Theorem 1. DPS is NP-hard.
Proof. Based on Lemma 1, 3 and 4, the corresponding partially-relaxed-DPS is in NP
and is at least as hard as the 3-SAT problem. Therefore, the corresponding partially-
relaxed-DPS is an NP-hard problem. Then, based on Lemma 2, the DPS problem is also
NP-hard.
Consider a special case of the DPS problem as follows:
Definition 3. A relaxed-DPS is a relaxation of DPS in which the integrality constraint
of the variables ntsi, f
t−1,t
sij , and R
t
i is not imposed.
Lemma 5. The relaxed-DPS problem is in P.
Proof. The relaxed-DPS problem can be modeled as a linear programming model. In
the relaxed-DPS, nt,si , f
t−1,t,s
ij , R
t
i are elements of R+. According to Hannan (1981), the
triangular fuzzy membership functions can be modeled as linear constraints and contin-
uous variables. In this way, the binary variables qsb1iL , q
sb1
iR , q
sb2
ijL, q
sb2
ijR can be omitted from
the model. Since the DPS problem only involves fuzzy triangular membership functions,
the transformation using Hannan (1981)’s method is a polynomial transformation. Each
fuzzy triangular membership function can be modeled as a linear constraint with 7 de-
cision variables. Thus, the fuzzy triangular membership functions are modeled using
k(k + 1) constraints and 7k(k + 1) variables.
As the relaxed-DPS problem can be modeled as a linear programming model, and
there exists a polynomial algorithm to solve linear programming models (Khachian, 1979),
the relaxed-DPS is in P.
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Based on Lemma 5, the relaxed-DPS is in P, thus there exists an efficient method to
solve the DPS without the integrality constraints of ntsi, f
t−1,t
sij , R
t
i. The overall degree of
the relaxed-DPS gives an approximation for the value κ(nt,Ft−1,t) of the DPS problem.
4 Practical application and illustration
4.1 Model application in practice
A lot of previous work suggests decision support methods to attain a desired personnel
structure under control by recruitment. However, not every desired personnel structure
is attainable under recruitment control only (Guerry, 1993; Davies, 1982). In that case,
the DPS model can be used to find an optimal personnel strategy for partially stochas-
tic manpower systems. The DPS model assumes that both recruitment and promotion
strategies are controlled by management, but that the resulting promotion flows and
personnel structures should be as close as possible to their preferred values.
In practice, personnel decisions often need to anticipate to uncertain events in future.
In order to prevent future personnel shortages caused by wastage, manpower planners
proactively need to decide on their personnel strategies (De Feyter, 2007). Since recruit-
ment and selection procedures can take a significant amount of time, it is reasonable
to assume that the recruitment strategy should be chosen before the exact wastage is
known. Therefore, the DPS model treats wastage as a stochastic variable. In the context
of uncertainty, it is common practice to consider a finite number of scenarios (Shapiro
et al., 2009). The DPS model evaluates personnel strategies for a set of possible wastage
scenarios. Therefore, the practitioner can rely on prior work that proposes several prob-
ability distributions and corresponding parameter estimators to model wastage (e.g. Ug-
wuowo and McClean (2000); De Feyter (2006)). A probability distribution of wastage
can be approximated at the beginning of a planning period. From this distribution, one
can generate a finite number of wastage scenarios. Subsequently, the DPS model cal-
culates the optimal recruitment vector. The input for the model is based on the initial
16
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personnel structure, the selected possible wastage scenarios and the specification of the
desired personnel structure and promotion flows and their corresponding lower and upper
bounds. This allows the practitioner to process the recruitment and selection procedures
so that the necessary personnel is available in time. At the end of the planning period,
the actual personnel wastage and the resulting personnel structure after recruitment are
known. This allows reassessing the promotion strategy by optimizing both the degree
of desirability and degree of promotion steadiness. Therefore, the practitioner can use
the deterministic approach to balance the degree of promotion steadiness and desirability
(Section 2), in which the wastage is known and the recruitment strategy is no longer a
decision variable. This procedure results in a good balance of the desirability degree and
the promotion steadiness degree.
4.2 Computational example
This section provides an illustration that gives an overview of the methodology to the
reader. This illustration gives an overview of the methodology to the reader. The model
was solved with CPLEX 12.4, 4 threads, maximum 2 GB memory and 600 seconds time
limit. The experiment was conducted using an Intel core i7 2.7 GHz, 6 GB memory and
a Windows operating system.
Assume a manpower system with k = 4 subgroups, initial personnel structure nt−1 =
[357 105 91 447], the upper bound of the total number of personnel Nmax = 1000, desired
personnel structure nd = [344 85 87 484], and internal transition matrix
P =

0.72 0.03 0.05 0.04
0.00 0.84 0.01 0.02
0.12 0.04 0.73 0.04
0.00 0.09 0.03 0.81

β(nt) is modelled based on Eq. 4 with nLL = [285 22 54 98], nUL = [465 149 129 640].
γ(f t−1,tij ) is modelled based on Eq. 6 with P
LL and PUL as follows:
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Figure 1: A graphical presentation of the triangular membership function
PLL =

0.62 −0.37 −0.17 −0.1
−0.2 0.78 −0.14 −0.07
−0.16 −0.06 0.41 −0.01
−0.39 −0.29 −0.35 0.64

PUL =

1.06 0.12 0.21 0.13
0.13 1.14 0.36 0.11
0.14 0.24 1.01 0.34
0.09 0.43 0.39 1.03

It should be noted that PLL and PUL are not transition matrices. They contain the
lower limit pLLij and upper limit p
UL
ij to construct the triangular function for p˜ij in Eq. 6.
However, the proportion of the performed personnel flows is always in [0, 1]. For example,
for i = 1 and j = 2, the fuzzy triangular function for γ12(f
t−1,t
12 ) is represented in Fig. 1.
The wastage proportion wi is assumed to follow a normal distribution with mean w¯i
and standard deviation wei . Let w¯ = [0.16 0.13 0.07 0.07] and w
e = [0.01 0.01 0.01 0.01].
We compare the deterministic and stochastic approaches:
• Considering the deterministic case w = w¯, the CPLEX solver produces an overall
degree κ(nt,Ft−1,t) = 0.80852 with recruitment vector Rt = [77 0 0 0]. However, if
the recruitment vector Rt = [77 0 0 0] is tested under stochastic case w, κ¯ = 0.78099.
• Assuming that in the stochastic case wi follows a normal distribution, 1000 scenarios
18
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were generated to approximate w. The CPLEX solver produces an overall degree
κ¯ = 0.8019 with recruitment vector Rt = [55 0 0 13].
• Approximating κ¯ using the relaxed-DPS (the integrality constraint of the variables
ntsi, f
t−1,t
sij , and R
t
i is not imposed), the CPLEX solver produces an overall degree
κ(nt,Ft−1,t) = 0.81095 with recruitment vector Rt = [45.548 0 0 41.452]. However,
if the integrality constraints are imposed with recruitment vector Rt = [46 0 0 41],
κ¯ = 0.79976.
The stochastic approach yields a better κ(nt,Ft−1,t) since it considers all 1000 scenar-
ios whereas the deterministic approach only considers the average of the wastage prob-
abilities. In other words, the stochastic approach does not only consider the measure of
center tendency of the wastage but it also considers statistical dispersion of the wastage.
As larger the statistical dispersion of the wastage, as more accurate the stochastic ap-
proach. Moreover, we can observe that the recruitment vectors of the two approaches
differ significantly. The stochastic approach results in a recruitment vector that is able
to deal with different scenarios. Instead of only recruiting the personnel into subgroup
1, the stochastic approach suggests that personnel should be recruited into subgroups 1
and 4.
In Figures 2-4, we compare two approaches, i.e. (a) the stochastic and (b) the relaxed-
DPS. Clearly, the stochastic approach is the most suited approach to deal with the DPS
problem. In three figures, the medians of the stochastic approach are at least as good
as the relaxed DPS. The relaxed DPS, in several scenarios, results in very low values of
desirability and promotion steadiness degree.
5 Conclusions and further research
In the present paper, we successfully provided a model and approach to the trade-off
problem between the degree of desirability and the degree of promotion steadiness. The
model has the advantage that it fulfills the personnel requirements as good as possible,
while maintaining the promotion strategy as much as possible. This way, one can obtain
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Figure 2: The desirability degree obtained by the (a) stochastic, (b) relaxed DPS
Figure 3: the promotion steadiness degree obtained by the (a) stochastic, (b) relaxed
DPS
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Figure 4: The overall degree obtained by the (a) stochastic, (b) relaxed DPS
a good balance between the organizational personnel needs to support its long-term
strategy and the employees? satisfaction regarding their career opportunities. Further,
our model also deals with the randomness of the wastage probability. It provides a robust
recruitment vector that can anticipate future actual wastage.
Although the methodology presented in this paper makes a valuable contribution to
the field, we need to consider some limitations and questions which further research could
address.
Firstly, as in previous work on control and optimization in manpower planning (Dim-
itriou et al., 2013; De Feyter and Guerry, 2009), we integrated fuzzy set theory in our
model. We used a fuzzy triangular function to express the degree of desirability and the
degree of promotion steadiness. However, future work can consider other fuzzy member-
ship functions. More suited fuzzy membership functions may be needed to describe the
opinion of the decision makers in formulating the degree of desirability and the degree of
promotion steadiness.
Secondly, our illustration presents a problem instance with only a restricted number
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of subgroups. In practice, however, it is often necessary to partition the personnel sys-
tem in a considerable higher number of homogeneous subgroups. This is necessary to
enable modeling the heterogeneity in personnel behavior (Ugwuowo and McClean, 2000;
De Feyter, 2006)). In Section 3, we showed that the DPS problem is NP-hard. Conse-
quently, an increase in the number of subgroups may lead to an exponential increase in
computing time. A decomposition based MIP approach may be needed to solve prob-
lem instances with high numbers of subgroups. Further research could also focus on the
specific characteristics of the personnel system for which the DPS problem is not NP-
hard. For these DPS problems, future work can search for polynomial algorithms. We
already showed that the relaxed DPS-problem is not NP-hard. In most previous work in
manpower planning, the integrality constraints on the personnel structure, recruitments
and promotions flows are inde d neglected (Guerry, 2008). However, this obviously is
not a realistic assumption in real-world applications. Nevertheless, in future research, it
can be investigated whether or not the solution of the relaxed DPS-problem is a good
approximation for the solution of the DPS problem.
Thirdly, future work could refine our model to include real world requirements. Some
large organizations divide their operations into several divisions at different locations.
Planning the recruitment, the promotion as well as the transfers between different division
and/or locations are beneficial to these type of organizations (Guerry and De Feyter, 2012;
Dimitriou et al., 2013). Furthermore, our model assumes that sufficient personnel is
always available to be recruited. However, this assumption may not hold when a certain
subgroup requires specific skills and qualifications. We could also assume uncertainty
in the desired personnel structure when the work demand is uncertain, as considered
in Zhu and Sherali (2009). Additionally, the present model does not include financial
consequences, which are very important factors in determining a manpower planning
strategy for commercial organizations. Finally, the presented model deals with a time
frame of one period (from t−1 to t). Future research could extend our model by including
multi-period time horizon.
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